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PASSIVE PRESSURE SENSOR WITH A
PIEZOELECTRIC DIAPHRAGM AND A
NON-PIEZOELECTRIC SUBSTRATE

RELATED APPLICATION INFORMATION

This application 1s a continuation-in-part of application
Ser. No. 16/664,398, filed Oct. 25, 2019, titled PASSIVE

MICROPHONE/PRESSURE SENSOR USING A PIEZO-
ELECTRIC DIAPHRAGM, which claims prionty from
Provisional Patent Application No. 62/775,594, filed Dec. 3,
2018, titled PRESSURE SENSOR AND MICROPHONE
BASED ON THIN PIEZOELECTRIC CRYSTAL MEM-
BRANE. All of these applications are incorporated herein by
reference.

Portions of this application are related to co-pending
application Ser. No. 16/203,443, filed Dec. 21, 2018, tatled

TRANSVERSELY-EXCITED FILM BULK ACOUSTIC
RESONATOR.

[T]

NOTICE

OF COPYRIGHTS AND TRADE
DRESS

A portion of the disclosure of this patent document
contains material which 1s subject to copyright protection.
This patent document may show and/or describe matter
which 1s or may become trade dress of the owner. The
copyright and trade dress owner has no objection to the
tacsimile reproduction by anyone of the patent disclosure as
it appears 1n the Patent and Trademark Office patent files or
records, but otherwise reserves all copyright and trade dress
rights whatsoever.

BACKGROUND

Field

This application relates to passive pressure and/or acous-
tic sensors than can be wirelessly interrogated.

Description of the Related Art

Remotely interrogatable passive sensors may be used 1n a
variety of situations where direct physical measurements are
not possible or practical. For example, remotely interroga-
table passive sensors may be used to conduct covert sur-
veillance or to measure phenomenon in hazardous or oth-
erwise 1naccessible environments.

DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s schematic cross-sectional view of a pressure-
sensitive acoustic resonator.

FIG. 1B 1s a schematic plan view of the pressure-sensitive
acoustic resonator of FIG. 1A.

FIG. 2A 1s schematic cross-sectional view of another
pressure-sensitive acoustic resonator.

FIG. 2B 1s a schematic plan view of the pressure-sensitive
acoustic resonator of FIG. 2A.

FIG. 3A 1s a representation ol a deformed square dia-
phragm with all four edges held 1n fixed positions.

FIG. 3B 1s a representation of a deformed square dia-
phragm with two opposing edges held in fixed positions.

FI1G. 4 1s a schematic cross-sectional view of a portion of
a first example of a pressure-sensitive acoustic resonator.
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FIG. 5 1s a chart of the absolute value of the admittance
ol the pressure-sensitive acoustic resonator of FIG. 4 for two

different positions of a piezoelectric diaphragm.

FIG. 6 1s a chart of the responsivity and electromechanical
coupling of the pressure-sensitive acoustic resonator of FIG.
4 as a function of the position of the piezoelectric dia-
phragm.

FIG. 7 1s a schematic cross-sectional view of a portion of
a second example of a pressure-sensitive acoustic resonator.

FIG. 8 1s a chart of the admittance of the pressure-
sensitive acoustic resonator of FIG. 7 for four different
positions of a piezoelectric diaphragm.

FIG. 9 1s a chart of the responsivity and electromechanical
coupling of the pressure-sensitive acoustic resonator of FIG.
7 as a function of the position of the piezoelectric dia-
phragm.

FIG. 10 1s a schematic cross-sectional view of a portion
of a third example of a pressure-sensitive acoustic resonator.

FIG. 11 1s a block diagram of a remote pressure sensing,
system using a pressure-sensitive acoustic resonator.

FIG. 12 1s a flow chart of a process for fabricating a
pressure-sensitive acoustic resonator.

Throughout this description, elements appearing 1n fig-
ures are assigned three-digit reference designators, where
the most significant digit 1s the figure number where the
clement 1s introduced and the two least significant digits are
specific to the element. An element that 1s not described 1n
conjunction with a figure may be presumed to have the same
characteristics and function as a previously-described ele-
ment having the same reference designator.

DETAILED DESCRIPTION

Description ol Apparatus

FIG. 1A and FIG. 1B are cross-sectional and plan views,
respectively, of a pressure-sensitive acoustic resonator 100.
Referring first to FIG. 1A, the pressure-sensitive acoustic
resonator 100 includes a nonconductive non-piezoelectric
substrate 110. An mterdigital conductor pattern (ICP) 120 1s
disposed on a surface of the substrate 110. The ICP 120,
which will be described i further detail subsequently, 1s a
pattern formed 1 a thin film of conductive material depos-
ited on the surface of the substrate 110. The ICP 120 faces
a diaphragm 140, which 1s a portion of a plate of single-
crystal piezoelectric material separated from the substrate
110 by a spacer 130. A front surface 142 of the diaphragm
140 15 exposed to an environment through an opening 160.
A back surface 144 of the diaphragm 140 faces the ICP 120.
A thickness of the spacer 130 1s greater than a thickness d of
the conductors of the ICP 120 such that the back surface 144
of the diaphragm 140 1s separated from the ICP conductors
by a gap dimension g. A thickness t of the diaphragm 140 1s
small compared to the area of the diaphragm, such that the
diaphragm 140 will flex, changing the gap dimension g, 1n
response to air pressure 180 applied to the front side 142 of
the diaphragm 140.

The substrate 110 may be a plate or wafer of non-
piezoelectric dielectric material. For example, the substrate
may be fused silica, sapphire, glass, or some other dielectric
material. The substrate may be high resistivity silicon. A
high resistivity silicon substrate may be coated with a
dielectric film such as silicon dioxide, silicon nitride, alu-
minum oxide, or some other material. A high resistivity
silicon substrate may have a trap-rich layer on or in the
surface proximate the ICP.

The diaphragm 140 1s a single-crystal piezoelectric mate-
rial such as lithium niobate (LN) or lithium tantalate (L'T).
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Thin films of LN and LT, suitable for use as the diaphragm
140, are commercially available laminated to a supporting
substrate of silicon or some other material. When the sup-
porting substrate 1s silicon, a silicon dioxide (S10,) layer
may be present between the silicon substrate and the piezo-
clectric film. To allow the piezoelectric film to function as
the diaphragm 140, the supporting substrate 150 and the
intermediate S10, layer 1355, if present, may be etched to
torm the opeming 160. Alternatively, the supporting substrate
150 and the mtermediate S10,, layer 155, if present, may be
removed completely (not shown). In erther case, a portion of
the plate of piezoelectric material outside of a perimeter of
the diaphragm 140 1s aflixed to, and supported by, the spacer
130. The diaphragm 140 (1 c. the portion of the plezoelectrlc
plate within perimeter) 1s unsupported and free to tlex in
response to the air pressure 180.

Optionally, one or more pressure relief apertures or holes
145 may be formed through the diaphragm 140. When at
least one pressure relief hole 1435 1s present, the air pressure
in the cavity between the diaphragm 140 and the substrate
110 will gradually reach an equilibrium state where the air
pressure on the front surface 142 of the diaphragm (1.e. the
air pressure 180 external to the pressure-sensitive acoustic
resonator 100) and the air pressure on the back surface 144
of the diaphragm are equal. In the equilibrium state, the front
surface of the diaphragm 142, the back surface of the
diaphragm 144, and the surface 112 of the substrate 100 may
be substantially parallel. In this context, “substantially”
means “within normal manufacturing tolerances”. Depend-
ing on the volume of the cavity and the geometry of the
pressure reliel hole(s), there will be a characteristic relax-
ation time for the pressure in the cavity to reach the
equilibrium state after diaphragm deformation. The 1nverse
of the relaxation time defines a characteristic frequency of
the pressure-sensitive acoustic resonator 100. The dia-
phragm 140 will be relatively unresponsive to pressure
variations having frequencies lower than the characteristic
frequency. For pressure variations having frequencies sig-
nificantly higher than the characteristic frequencyj the pres-
ence of pressure relief holes 143 has little efiect, since there
1s not suflicient time during the pressure cycle for the air
pressure in the cavity to equilibrate.

Referring now to FIG. 1B, the ICP 120 (seen through the
substrate 110) includes a first plurality of parallel fingers
extending from a first busbar 122 and a second plurality of
fingers extending from a second busbar 124. The first and
second pluralities of parallel fingers are interleaved. Struc-
turally, the ICP 1s similar to an interdigital transducer (IDT)
ol a surface acoustic wave resonator. The term “ICP” 1s used
in this patent to distinguish from an IDT because “IDT” 1s
closely associated with SAW devices. The first and second
pluralities of parallel fingers overlap for a distance A,
commonly referred to as the “aperture” of the ICP. The
center-to-center distance L between the outermost fingers of
the ICP 120 1s the “length” of the ICP. The conductors (1.¢.
first and second busbars 122, 124 and first and second
pluralities of parallel fingers) of the ICP 120 may be made
of aluminum, aluminum alloys, copper, copper alloys, gold,
molybdenum, tungsten. combinations thereof, or any other
suitable conductive material.

Each finger of the first and second pluralities of parallel
fingers has a width w. The center-to-center spacing of
adjacent parallel fingers 1s a pitch p. The width w and pitch
p are typically, but not necessarily, constant across the length
L. and aperture A of the ICP 120. As shown m FIG. 1B,
w=p/2. This ratio 1s exemplary, and w may be from 5% to
about 90% of p.
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The first and second busbars 122, 124 serve as the
terminals of the pressure-sensitive acoustic resonator 100. A
radio frequency or microwave signal applied between the
two busbars 122, 124 of the ICP 120 creates a spatially
varying electric field that extends through the gap into the
piezoelectric diaphragm 140. This field excites acoustic
waves within the piezoelectric diaphragm 140. Due to strong
piezoelectric effect, the acoustic waves 1n the diaphragm 140
modily the electric fields nearby. This alters the charge on
the fingers of the ICP, which 1s manifested as a change of the
ICP admittance. The admittance between the first and sec-
ond busbars 122, 124 1s highly dependent on the coupling
between the ICP 120 and acoustic waves 1n the diaphragm
140, which 1n turn 1s dependent on the frequency of the
signal applied between the two busbars 122, 124. Typically,
the admittance of an acoustic resonator exhibits at least one
resonance where the admittance 1s high, and at least one
anti-resonance where the admittance approaches zero. As
will be discussed 1n further detail, the coupling between the
ICP 120 and the piezoelectric diaphragm 140 1s highly
dependent on the spacing (1.e. gap dimension g) between the
ICP and the diaphragm. The frequencies of the resonance
and anti-resonance are also dependent on gap dimension g.

Acoustic Bragg retlectors 126 and 128 may be disposed at
the ends of the ICP 120 to confine acoustic waves to the
portion of the diaphragm 140 facing the ICP 120. When
present, each acoustic Bragg retlector 126, 128 will include
a plurality of parallel conductive fingers. The width and
pitch of the conductive fingers of the acoustic Bragg reflec-
tors may be the same as, or different from, the width w and
pitch p of the interleaved fingers of the ICP 120.

For ease of presentation in FIG. 1A and FIG. 1B, the
geometric pitch (dimension p) and width (dimension w) of
the ICP fingers 1s greatly exaggerated with respect to the
length (dimension L) and aperture (dimension A) of the ICP
120. A typical ICP has more than the thirty-two parallel
fingers shown 1n the ICP 120. An ICP may have hundreds of
parallel fingers. Similarly, the acoustic Bragg retlectors may
have more than seven parallel fingers. In addition, the
thickness of the fingers (dimension d) and the gap (dimen-
sion g) in the cross-sectional view FIG. 1A 1s greatly
exaggerated relative to the width and pitch of the ICP
fingers. Because the ICP conductors are not subject to

significant acoustic vibration (which 1s concentrated in the
diaphragm 140), the thickness d of the ICP fingers may be
comparable to the gap g.

In FIG. 1B, the opening has a rectangular shape. The
opening of a pressure-sensitive acoustic resonator need not
be rectangular and may be some other shape such as a circle,
an ellipse, or a regular or 1rregular polygon. Additionally, 1n
FIG. 1B, the ICP 120 1s shown centered on the opening 160.
The ICP of a pressure-sensitive acoustic resonator need not
be centered on the opening but may be oflset from the center
of the opening in any direction. Further, in FIG. 1B, an area
of the ICP 120 1s roughly 50% of an area of the opening 160.
The ICP of a pressure-sensitive acoustic resonator may have
an area greater than 50% of the area of the opening and may
commonly have an area less that 50% of the area of the
opening.

For a circular 1sotropic diaphragm of radius R and thick-
ness t, constrained about its entire perimeter, the deflection
in the middle of the diaphragm 1s determined by formula:

3.-P-(1 —c?) 0001

16-(%)4-E

At

I
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Wherein o 1s Poisson’s coetlicient and E 1s Young’s elastic
modulus of the diaphragm material. Characteristic values of

Young’s modulus for hard solids are about 2*10'' Pa. Peak
deflection comparable with the thickness can be achieved
when t/R is of the order of 107>, which is to say when the
radius of the diaphragm must be about 1000 times larger
than its thickness.

Thin films of LN and LT are commercially available
laminated to a supporting substrate of silicon or some other
maternial. The thickness of these films may be selected 1n a
range from 300 nm to over 1000 nm. For an 800 um
diameter circular diaphragm diameter made of a 400 nm
thick LN film, formula (1) indicates about 300 nm detflection
in the center of the diaphragm for a pressure of 1 Pa, which
1s a typical pressure for normal speech.

FIG. 2A and FIG. 2B are cross-sectional and plan views,
respectively, of another pressure-sensitive acoustic resona-
tor 200. The architecture and elements of the pressure-
sensitive acoustic resonator 200 are similar or identical to
the corresponding elements of the pressure-sensitive acous-
tic resonator 100 of FIG. 1A and FIG. 1B. Descriptions of
identical elements will not be repeated.

The primary difference between the pressure-sensitive
acoustic resonator 200 and the pressure-sensitive acoustic
resonator 100 are slots 270 formed along two opposing sides
(the left and night sides as shown in FIG. 2B) of the
diaphragm 240. These slots pass through the diaphragm such
that the diaphragm adjacent to the slots 1s free to flex and
only the other two sides (the top and bottom sides as shown
in FIG. 2B) are attached to the spacer 230 and thus main-
tained 1n fixed positions relative to the substrate 210.

The eflect of freeing two opposing edges of the diaphragm
can be understood by comparing FIG. 3A and FIG. 3B. FIG.
3A shows the simulated deflection of a square diaphragm
with all four edges constrained or held 1n a fixed plane. FIG.
3B shows the simulated deflection of the same square
diaphragm under the same pressure, but with only two
opposing edges constrained or held in a fixed plane. In both
cases, the diaphragm dimensions are 1 mmx1 mmx1 um
thick. In FIG. 3A, an area of high deflection 1s confined to
the center of the diaphragm. The deflection 1s approximately
proportional to the applied air pressure, with a maximum
deflection of 74 nm at a pressure of 1 Pascal (Pa). The
deflection of the diaphragm 1n FIG. 3B 1s relatively umiform
along a direction parallel to the constrained edges. The
deflection 1s again approximately proportional to the applied
air pressure, with a maximum detlection of 146 nm at a
pressure of 1 Pascal (Pa).

An effect of freeing two edges of the diaphragm 1s that the
slots (1.e. slots 270 1n FIGS. 2A and 2B) required to free the
edges will function as pressure relief apertures. The large
area (for example, compared to the single hole 145 shown 1n
FIG. 1B) of the slots will allow relatively fast equilibration
and a correspondingly high characteristic frequency.

Example 1

FIG. 4 1s a cross-sectional view of a portion of an
exemplary pressure-sensitive acoustic resonator 400. The
pressure-sensitive acoustic resonator 400 includes a sub-
strate 410, an ICP 420 formed on the substrate 410, and a
diaphragm 430. In this example, the pitch p, width w and
thickness d of the aluminum ICP electrodes 420 are 10 um,
5 um, and 100 nm, respectively. Other embodiments may
use different dimensions. The ratio of the finger width w to
the finger pitch p may be between 0.3 and 0.7. In this
example, the ICP has a total of 100 electrode fingers, with
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50 additional fingers forming Bragg retlectors at each end of
the ICP. In this example, the diaphragm 430 1s YX cut LN,

which 1s to say the Y crystalline axis 1s normal to the front
and back surfaces of the diaphragm and a shear wave with
the main displacement parallel to the crystalline axis z
propagates 1n x-direction. This 1s the SHO acoustic mode
with more or less uniform displacement aperture across the
membrane/diaphragm thickness. The waves are excited
mainly by Ex component of the electric fields produced by
the electrode system due to strong piezo module ¢, of LN.
The thickness t of the diaphragm 430 may be from about 400
nm to about 1000 nm. In the example of FIG. 4, the
thickness t of the diaphragm 430 1s 1000 nm. In other
embodiments, the diaphragm may be a rotated Y-cut with
Euler angles of [0°, $=60° to 180°, 0°], with very high
coupling for 112°<p=128°, and maximum coupling
achieved at 3=120° (commonly called a *“30° YX-cut”). The
fingers of the ICP are parallel to the z axis of the diaphragm
430. A microwave signal applied to the ICP excites quasi-
shear waves 1n the diaphragm 430 such that the acoustic
energy flow 1s along the X axis. The performance of the
exemplary pressure-sensitive acoustic resonator 400 has
been simulated for gap dimension g from 200 to 1100 nm.

FIG. 5 1s graph 500 showing results from simulating the
performance of the pressure sensitive acoustic resonator 400
of FIG. 4. The solid line 510 1s a plot of the admittance
(between the busbars of the ICP) as a function of frequency
with the gap dimension g equal to 300 nm. The dashed line
520 1s a plot of the admittance with the gap dimension g
equal to 285.4 nm, which 1s 300 nm less 14.6 nm, which 1s
representative of the deflection of the diaphragm of FIG. 3B
under a pressure of 0.1 PA. Note, however, the simulation
results 1n FIG. 5 and FIG. 6 assume the diaphragm 430
remains parallel to the substrate 410. Comparison of the
solid and dashed plots 510, 520 shows that changing the gap
dimension by 14.6 nm results 1n a 380 kHz shift in the
resonant frequency of the pressure sensitive acoustic reso-
nator.

FIG. 6 1s graph 600 showing additional results from
simulating the performance of the pressure sensitive acous-
tic resonator 400 of FI1G. 4. The solid line 610 1s a plot of the
responsivity (Irequency change in parts per million per 10
nm change 1n the gap dimension g) of the pressure sensitive
acoustic resonator 400 as a function of the gap dimension g.
The dashed line 620 1s a plot of the electromechanical
coupling coetlicient of the pressure sensitive acoustic reso-
nator 400 as a function of the gap dimension g.

Example 2

FIG. 7 1s a cross-sectional view ol a portion of an
exemplary pressure-sensitive acoustic resonator 700. The
pressure-sensitive acoustic resonator 700 includes a sub-
strate 710, an ICP 720 formed on the substrate, and a
diaphragm 730. In this example, the pitch p, width w and
thickness d of the aluminum ICP electrodes 720 are 5 um,
0.5 um, and 100 nm, respectively. Other embodiments may
have different dimensions. The ratio of the finger width w to
the finger pitch p may be less than 0.3.

In this example, the diaphragm 730 1s ZY cut LN. The
diaphragm may also be rotated Y-cut LN with Fuler angles
[0°, —15° to 0°, 90°] or LN with Euler angles [0°, 100° to
150°, 0°]. For example, a rotated Y-cut LN with Euler angles
[0°, =7.5°, 90°] provides higher coupling than a ZY cut
diaphragm. The thickness t of the diaphragm may be from
about 300 nm to about 500 nm. In the example of FIG. 7, the
diaphragm 730 has a thickness t of 400 nm. This structure 1s
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similar to a transversely excited film bulk wave resonator as
described 1n co-pending application Ser. No. 16/203,443.

The ratio of the finger width w to the finger pitch p may be,
typically, between 0.05 and 0.25. A microwave signal
applied to the ICP creates quasi-electrostatic electric field
between the electrodes penetrating into the diaphragm and,
due to strong piezo-coupling, (module e,,), excites shear
waves 1n the diaphragm 730. While the atomic motions are
predominantly parallel to the Y axis (1.e. horizontal as shown
in FIG. 7), the predominant direction of propagation of the
excited shear acoustic waves 1s alternately up and down (in
Z-direction, as shown in FIG. 7), normal to the surfaces of
the diaphragm, creating a standing wave due to complete
reflection at the front and back surfaces of the diaphragm
The performance of the exemplary pressure-sensitive acous-

tic resonator 700 has been simulated for gap dimension g
from 100 to 400 nm. Note, however, the simulation results
in FIG. 8 and FIG. 9 assume the diaphragm 730 remains
parallel to the substrate 710.

FIG. 8 1s graph 800 showing results from simulating the
performance of the pressure sensitive acoustic resonator 700
of FIG. 7. The solid line 810 1s a plot of the admittance
(between the busbars of the ICP) as a function of frequency
with the gap dimension g equal to 100 nm. The dashed line
820 1s a plot of the admittance with the gap dimension g
equal to 200 nm. The dash-dot line 830 1s a plot of the
admittance with the gap dimension g equal to 300 nm. The
dash-dot-dot line 840 1s a plot of the admittance with the gap
dimension g equal to 400 nm. Comparison of the four plots
810, 820, 830, 840 shows that reducing the gap dimension
from 400 nm to 100 nm results 1n a decrease 1n the resonance
frequency while the anti-resonance frequency decreases by
a substantially smaller amount. The increase in the differ-
ence between the resonance and anti-resonance frequencies
1s 1ndicative of an increase in the electromechanical cou-
pling coethlicient of the pressure sensitive acoustic resonator
as the gap dimension g 1s reduced.

FIG. 9 1s graph 900 showing additional results from
simulating the performance of the pressure sensitive acous-
tic resonator 700 of FIG. 7. The solid line 910 1s a plot of the
responsivity (frequency change 1n parts per million per 10
nm change 1n the gap dimension g) of the pressure sensitive
acoustic resonator 700 as a function of the gap dimension g.
The dashed line 920 1s a plot of the electromechanical
coupling coetlicient of the pressure sensitive acoustic reso-
nator 700 as a function of the gap dimension g.

Example 3

FIG. 10 1s a cross-sectional view of a portion of a third
exemplary pressure-sensitive acoustic resonator 1000. The
pressure-sensitive acoustic resonator 1000 includes a sub-
strate 1010, an ICP 1020 formed on the substrate 1010, a
diaphragm 1030 and a floating conductor 1070 on the front
surface of the diaphragm 1030. The ratio of the finger width
w to the finger pitch p of the ICP may be between 0.7 and
0.93. In this example, the pitch p, width w and thickness d
of the aluminum ICP electrodes 720 are 10 um, 8 um, and
100-500 nm, respectively. The gap g between the ICP 1020
and the diaphragm 1030 may be, for example, 100 nm to 500
nm.

The maternial and thickness of the ICP 1020 and floating
conductor 1070 may be the same or diflerent from the ICP
1020. The material may be aluminum, molybdenum, tung-

sten, of other metal with low acoustic loss.
The diaphragm 1030 lithium niobate with a thickness t of
400 nm to 1000 nm. The diaphragm may be XY-cut LN,
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Y X-cut LN, or rotated YX cut LN with Euler angles [0°, 70°
to 100°, 0°]. In the example of FIG. 10, the X crystalline axis
1s normal to the front and back surfaces of the diaphragm.
The electrodes are parallel to z-axis.

The exemplary pressure-sensitive acoustic resonator 1000
1s electrically similar to two film bulk acoustic resonators
(FBARs) connected in series. When microwave signal 1s
applied to the ICP 1020, the floating conductor 1070
assumes a potential haltf way between the potentials applied
to the ICP. The resulting electric field 1s normal to the
surfaces of the diaphragm 1030 over most of the area of each
ICP finger. Thuis electric field excites shear acoustic waves 1n
the diaphragm 1030 such that the acoustic energy flow 1n
along the X axis, normal to the surfaces of the diaphragm.
As 1n the previous examples, the resonance frequency of the
resonator 1s determined, 1n part, by the gap distance g. The
sensitivity of the resonance frequency to vertical displace-
ment of the diaphragm 1030 1s comparable to the sensitively
of Example 2.

FIG. 11 1s a block diagram of a remote pressure sensing
system 1100 including a remotely interrogatable passive
microphone/pressure sensor 1110 and a reader 1120 to
interrogate the passive microphone 1110 using an RF signal.
The remote pressure sensing system 1100 may be used 1n a
variety of situations where direct physical measurements are
not possible or practical. For example, the remote pressure
sensing system 1100 may be used to conduct covert surveil-
lance or to measure phenomenon 1n hazardous or otherwise
inaccessible environments.

The remotely interrogatable passive microphone/pressure
sensor 1110 includes a pressure sensitive acoustic resonator
1112, which may be the pressure sensitive acoustic resonator
100, 200, 400, 700, or 1000 coupled to an antenna 1114. As
previously described, the pressure sensitive acoustic reso-
nator 1112 includes a nonconductive non-piezoelectric sub-
strate, an ICP formed on a surface of the substrate, and a
piezoelectric diaphragm facing the ICP. A gap between the
piezoelectric diaphragm and the ICP 1s influenced by exter-
nal air or acoustic pressure on the diaphragm. The antenna
1114 may be any antenna suitable for use at frequencies near
the resonance frequency of the pressure sensitive acoustic
resonator 1112. Preferably, the antenna 1114 may be a
printed antenna formed on the same surface of the substrate
as the ICP. For example, the antenna 1114 may be a printed
dipole or tapered slot antenna. The antenna may be formed
in the same conductive layer as the ICP using the same
processes used to form the ICP.

The reader 1120 1s configured to remotely interrogate the
passive microphone/pressure sensor 1110 to read pressure
variations and/or acoustic vibrations sensed by the pressure
sensitive acoustic resonator 1112. To this end, the reader
transmits an interrogating signal 1140. The interrogating
signal 1140 1s received by the antenna 1114 within the
passive microphone/pressure sensor 1110. At least a portion
of the interrogating signal 1140 1s reflected by the pressure
sensitive acoustic resonator 1112 to form a response signal
1145 that 1s transmitted through the antenna 1114. The
response signal contains information about variations in the
gap within the passive microphone/pressure sensor 1110.
The response signal 1145 1s received and processed by the
reader 1120 to extract the information about the gap distance
and convert this information to audio/pressure data 1150.

The reader 1120 includes a transmitter 1122 to generate
the interrogation signal 1140, a receiver 1124 to receive the
response signal 1145, and at least one antenna 1126. The
reader 1120 may include a directional coupler or circulator
1128 to couple the interrogation signal 1140 from the
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transmitter 1122 to the antenna 1126 and to couple the
response signal 1145 from the antenna 1126 to the receiver
1124. In some situations, separate antennas (not shown) may
be provided for transmission and reception, in which case
the coupler/circulator 1128 may not be present.

The reader 1120 also includes a controller 1130 to control
the operation of the transmitter 1122 and to process the
received response signal 1145 to extract the audio/pressure
data 1150. The controller 1130 may include one or more
processors such as a microprocessor, a graphics processing,
unit, and/or a digital signal processor. The controller 1130
may include volatile and nonvolatile memory and may store
soltware 1nstructions to cause the controller to perform its
function. The controller 1130 may have an interface to a
network (not shown). The controller 1130 may have a user
interface (not shown) that may include a display and one or
more user mput devices. The controller 1130 may commu-
nicate with the transmitter 1122 and the receiver 1124 by
means ol, for example, a bus, a network or dedicated
connections.

A variety of schemes may be used to interrogate the
passive microphone/pressure sensor 1110. For example, the
interrogation signal 1140 may be a continuous or pulsed
signal having a fixed frequency near to the resonance
frequency of the pressure sensitive acoustic resonator 1112.
In this case the reader may extract audio/pressure data 1150
based on the amplitude and/or phase of the response signal
returned from the passive microphone/pressure sensor 1110.
Alternatively, the mterrogation signal 1140 may be a broad-
band or swept signal and the reader may extract audio/
pressure data 1150 based on the frequency spectrum of the
response signal returned from the passive microphone/pres-
sure sensor 1110. Other interrogation signals and extraction
techniques may be used.

Description of Methods

FIG. 12 1s a simplified flow chart of a method 1200 for
making a pressure-sensitive resonator, such as the pressure
sensitive resonators 100, 200, 400, and 700, or a passive
microphone/pressure sensor such as the passive micro-
phone/pressure sensor 1110. The method 1200 starts at 1210
with a thin piezoelectric plate 140 disposed on a noncon-
ductive non-piezoelectric substrate 150 and a nonconductive
non-piezoelectric substrate 110. The method 1210 ends at
1290 with a completed pressure-sensitive resonator or a
passive microphone/pressure sensor. The flow chart of FIG.
12 includes only major process steps. Various conventional
process steps (e.g. surface preparation, cleaning, inspection,
baking, annealing, monitoring, testing, etc.) may be per-
tormed before, between, after, and during the steps shown 1n
FIG. 12.

Thin plates of a single-crystal piezoelectric materials
(such as the plate 140) bonded to a non-piezoelectric sub-
strate (such as the substrate 150) are commercially available.
At the time of this application, both lithium niobate and
lithium tantalate plates are available bonded to wvarious
substrates including silicon, quartz, and fused silica. Thin
plates of other piezoelectric materials may be available now
or 1n the future. The thickness of the piezoelectric plate may
be between 300 nm and 1200 nm. When the substrate 150 1s
silicon, a layer of S10, may be disposed between the
piezoelectric plate and the substrate. The piezoelectric plate
140 may be, for example, y-cut lithtum niobate with a
thickness of 1000 nm or z-cut lithium niobate with a
thickness of 400 nm (as used in the previous examples)
bonded to a silicon water 150 with an intervening S10, layer
155. The substrate 110 may be silicon fused silica, quartz, or
some other material.
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At 1220, a conductor pattern including an ICP 120 is
formed on a surface of the substrate 110 by depositing and
patterning one or more conductor layers. The conductor
pattern may be, for example, aluminum, an aluminum alloy,
copper, a copper alloy, or some other conductive metal.
Optionally, one or more layers of other maternials may be
disposed below (1.e. between the conductor layer and the
piezoelectric plate) and/or on top of the conductor layer. For
example, a thin film of titanium, chrome, or other metal may
be used to mmprove the adhesion between the conductor
layer and the substrate 110. A conduction enhancement layer
of gold, aluminum, copper or other higher conductivity
metal may be formed over portions of the conductor pattern.
When the device being fabricated 1s a passive microphone/
pressure sensor, the conductor pattern may include a planar
antenna such as a dipole antenna or a tapered slot antenna.

The conductor pattern may be formed at 1220 by depos-
iting the conductor layer and, optionally, one or more other
metal layers 1n sequence over the surface of the substrate
110. The excess metal may then be removed by etching
through patterned photoresist. The conductor layer can be
ctched, for example, by plasma etching, reactive 1on etching,
wet chemical etching, and other etching techniques.

Alternatively, the conductor pattern may be formed at
1220 using a lift-ofl process. Photoresist may be deposited
over the substrate 110 and patterned to define the conductor
pattern. The conductor layer and, optionally, one or more
other layers may be deposited 1n sequence over the surface
of the piezoelectric plate. The photoresist may then be
removed, which removes the excess material, leaving the
conductor pattern.

At 1230, a spacer 130 may be formed on the surface of the
substrate 110 by depositing and patterning a dielectric layer
such as S10,. A thickness of the spacer 130 may be 100 to
1200 nm greater than a thickness of the conductor pattern

formed at 1220.

At 1240, the piezoelectric plate 140 (which 1s still bonded
to the non-piezoelectric substrate 150) 1s bonded to the
spacer 130. The piezoelectric plate 140 and the spacer 130
may be bonded using a wafer bonding process such as direct
bonding, surface-activated or plasma-activated bonding,
clectrostatic bonding, or some other bonding technique.

At 1250, after the piezoelectric plate 140 on the non-
piezoelectric substrate 150 and the spacer 130 are bonded,
the non-piezoelectric substrate 150 and any intervenming
layers 155, are removed to leave a portion of the piezoelec-
tric plate 140 suspended over the ICP 120. The non-piezo-
clectric substrate 150 and any intervening layers 155 may be
completely removed or may be removed only over a portion
of the piezoelectric plate 140 that will function as the
diaphragm of the pressure-sensitive resonator. The non-
piezoelectric substrate 150 and any intervening layers 1335
may be removed, for example, by material-dependent wet or
dry etching or some other process. At 1250, one or more
pressure relief holes 145 or slots (270 1n FIG. 2A) may be
etched through the diaphragm 1f required.

The pressure-sensitive resonator device or passive micro-
phone/pressure sensor device may then be completed at
1260. Actions that may occur at 1260 including depositing
and patterning additional metal layers to form conductors
other than the ICP conductor pattern; depositing and pat-
terning the front side electrode (1.e. 1070 mn FIG. 10),
depositing an encapsulation/passivation layer such as S10,
or S1,0,, over all or a portion of the device; forming bonding
pads or solder bumps or other means for making connection
between the device and external circuitry; excising indi-
vidual devices from a wafer containing multiple devices;
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other packaging steps; and testing. After device 1s com-
pleted, the process ends at 1290.

Closing Comments

Throughout this description, the embodiments and
examples shown should be considered as exemplars, rather
than limitations on the apparatus and procedures disclosed
or claimed. Although many of the examples presented herein
involve specific combinations of method acts or system
elements, 1t should be understood that those acts and those
clements may be combined in other ways to accomplish the
same objectives. With regard to tlowcharts, additional and
fewer steps may be taken, and the steps as shown may be
combined, further refined, and/o performed 1n different order
to achieve the methods described herein. Acts, elements and
teatures discussed only in connection with one embodiment
are not intended to be excluded from a similar role 1n other
embodiments.

As used herein, “plurality” means two or more. As used
herein, a “set” of items may include one or more of such
items. As used herein, whether 1n the written description or

the claims, the terms “comprising”, “including”, “carrying”,

“having”, “containing”’, “involving”, and the like are to be
understood to be open-ended, 1.e., to mean 1including but not
limited to. Only the transitional phrases “consisting of” and
“consisting essentially of”, respectively, are closed or semi-
closed transitional phrases with respect to claims. Use of
ordinal terms such as “first”, “second”, “third”, etc., in the
claims to modity a claim element does not by 1tself connote
any priority, precedence, or order of one claim element over
another or the temporal order 1n which acts of a method are
performed, but are used merely as labels to distinguish one
claim element having a certain name from another element
having a same name (but for use of the ordinal term) to
distinguish the claim elements. As used herein, “and/or”
means that the listed items are alternatives, but the alterna-

tives also mnclude any combination of the listed items.

It 1s claimed:

1. A pressure-sensitive acoustic resonator, comprising:

a conductor pattern on a planar surface of a non-piezo-
clectric substrate, the conductor pattern including an
interdigital conductor pattern (ICP); and

a piezoelectric diaphragm having a front surface exposed
to an environment and a back surface facing, but not
contacting, the ICP, such that the back surface of the
piezoelectric diaphragm 1s separated from the ICP by a
24p,

wherein the piezoelectric diaphragm does not include a
conductor pattern directly disposed on either the front
surface or the back surface thereotf,

wherein the conductor pattern comprises a single set of
interleaved fingers on one surface of the non-piezo-
electric substrate, and

wherein the acoustic resonator 1s configured as a film bulk
acoustic resonator.

2. The pressure-sensitive acoustic resonator of claim 1,
wherein a resonance Irequency ol the pressure-sensitive
acoustic resonator 1s based at least in part on a distance
between the back surface of the piezoelectric diaphragm and
the planar surface of the substrate.

3. The pressure-sensitive acoustic resonator of claim 2,
wherein the back surface of the piezoelectric diaphragm 1s
configured to move relative to the planar surface of the
substrate 1n response to a change 1n an air pressure on the
front surface of the piezoelectric diaphragm, resulting 1n a
corresponding change 1n the resonance frequency of the
pressure-sensitive acoustic resonator.
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4. The pressure-sensitive acoustic resonator of claim 1,
wherein, 1n an equilibrium state where air pressures on the
front and back surfaces of the piezoelectric diaphragm are
equal:

the front surface of the piezoelectric diaphragm, the back
surface of the piezoelectric diaphragm and the planar
surface of the substrate are substantially parallel, and

the back surface of the piezoelectric diaphragm 1s sepa-
rated from the planar surface of the substrate by an
equilibrium distance.

5. The pressure-sensitive acoustic resonator of claim 4,

further comprising:

a piezoelectric plate that includes a portion forming the
piezoelectric diaphragm;

a spacer that connects the substrate to the piezoelectric
plate outside of at least a portion of a perimeter of the
piezoelectric diaphragm,

wherein a thickness of the spacer determines the equilib-
rium distance between the back surface of the piezo-
clectric diaphragm and the planar surface of the sub-
strate.

6. The pressure-sensitive acoustic resonator ol claim 3,
wherein the spacer connects the substrate to the piezoelectric
plate outside of all of the perimeter of the piezoelectric
diaphragm.

7. The pressure-sensitive acoustic resonator of claim 6,
turther comprising one or more pressure relief holes extend-
ing through the piezoelectric diaphragm.

8. The pressure-sensitive acoustic resonator of claim 5,
wherein the perimeter of the piezoelectric diaphragm has a
rectangular shape, and the spacer connects the substrate to
the piezoelectric plate along two opposing sides of the
piezoelectric diaphragm.

9. The pressure-sensitive acoustic resonator of claim 1,
wherein the conductor pattern further includes a planar
antenna connected to the ICP.

10. The pressure-sensitive acoustic resonator of claim 9,
wherein the planar antenna i1s one of a dipole antenna, a
tapered slot antenna, a loop antenna, and a patch antenna.

11. The pressure sensitive acoustic resonator of claim 1,
wherein:

the piezoelectric diaphragm 1s YX cut lithium niobate,
having a crystalline Y axis normal to the front and back
surfaces of the piezoelectric diaphragm, and

the ICP 1s configured parallel to a Z axis to excite SHO
shear waves 1n the piezoelectric diaphragm such that an
acoustic energy flow 1s along an X axis and main shear
displacements are oriented parallel to the Z axis.

12. The pressure sensitive acoustic resonator of claim 1,

wherein

the piezoelectric diaphragm 1s lithium mobate with Euler
angles [0°, 60° to 180°, 0°], and

the ICP 1s configured to excite quasi-shear waves in the
piezoelectric diaphragm such that an acoustic energy
flow 1s along an X axis.

13. The pressure sensitive acoustic resonator of claim 1,

wherein:

the piezoelectric diaphragm 1s lithium niobate of a ZY-cut
with a crystalline 7 axis normal to the front and back
surfaces of the piezoelectric diaphragm, and

the ICP 1s configured parallel to an X-axis to excite shear
waves 1n the piezoelectric diaphragm such that an
acoustic energy flow 1s along the Z axis.

14. The pressure sensitive acoustic resonator of claim 1,

wherein:

the piezoelectric diaphragm 1s lithium mobate with Euler

angles [0°, —=15° to 0°, 90°], and
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the ICP 1s configured to excite shear waves 1n the piezo-

clectric diaphragm such that acoustic shear waves

propagate up and down along an axis perpendicular to
the front and back surfaces of the piezoelectric dia-
phragm.

15. The pressure sensitive acoustic resonator of claim 1,
wherein:

the piezoelectric diaphragm i1s lithium niobate with Euler

angles [0°, 100° to 1350°, 0°], and

the ICP 1s configured to excite shear waves 1n the piezo-

clectric diaphragm such that acoustic shear waves

propagate up and down along an axis perpendicular to
the front and back surfaces of the piezoelectric dia-
phragm.

16. A remote pressure sensing system, comprising:

a passive pressure sensor including a pressure-sensitive

acoustic resonator coupled to a first antenna; and

a reader comprising:

a transmitter configured to transmit, via a second
antenna, an interrogation signal to the passive pres-
SUre Sensor,

a recerver configured to receive a response signal from
the passive pressure sensor, and

a controller to determine an air pressure at the passive

sensor based on the response signal, wherein the pres-

sure-sensitive acoustic resonator comprises:

a conductor pattern on a planar surface of a non-
piezoelectric substrate, the conductor pattern includ-
ing an interdigital conductor pattern (ICP); and

a piezoelectric diaphragm having a front surface
exposed to an environment and a back surface fac-
ing, but not contacting, the ICP, such that the back
surface of the piezoelectric diaphragm 1s separated
from the ICP by a gap,

wherein the piezoelectric diaphragm does not include a
conductor pattern directly disposed on either the
front surface or the back surface thereof,

wherein the conductor pattern comprises a single set of
interleaved fingers on one surface of the non-piezo-
electric substrate, and

wherein the acoustic resonator 1s configured as a film
bulk acoustic resonator.

17. The remote pressure sensing system of claim 16,
wherein the passive pressure sensor 1s configured to generate
the response signal by reflecting at least a portion of the
interrogation signal.

18. The remote pressure sensing system of claim 16,
wherein a change 1n an air pressure on the front surface of
the piezoelectric diaphragm causes the back surface of the
piezoelectric diaphragm to move relative to the surface of
the substrate, resulting 1n a corresponding change 1n a
resonance frequency of the pressure-sensitive acoustic reso-
nator.

19. The remote pressure sensing system of claim 18,
wherein:

the interrogation signal has a frequency proximate an

equilibrium resonance frequency of the pressure-sen-

sitive acoustic resonator, and

the method further comprises determining, by the con-

troller, an air pressure at the passive sensor based on an

amplitude of the response signal.
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20. The remote pressure sensing system ol claim 18,
wherein:
the interrogation signal 1s one of a frequency-swept signal
and a broadband signal, and
the method further comprises determining, by the con-

troller, an air pressure at the passive sensor based on a

frequency spectrum of the response signal.

21. A method for remotely measuring pressure, compris-

ng:

transmitting an interrogation signal to a passive pressure
sensor including a pressure-sensitive acoustic resona-
tor;

recerving a response signal from the passive pressure
sensor; and

determinming an air pressure at the passive sensor based on
the response signal, wherein the pressure-sensitive
acoustic resonator comprises:

a conductor pattern on a planar surface of a non-
piezoelectric substrate, the conductor pattern includ-
ing an interdigital conductor pattern (ICP); and

a piezoelectric diaphragm having a front surface
exposed to an environment and a back surface fac-
ing, but not contacting, the ICP, such that the back
surface of the piezoelectric diaphragm 1s separated
from the ICP by a gap,

wherein the piezoelectric diaphragm does not include a
conductor pattern directly disposed on either the
front surface or the back surface thereof,

wherein the conductor pattern comprises a single set of
interleaved fingers on one surface of the non-piezo-
electric substrate, and

wherein the acoustic resonator 1s configured as a film

bulk acoustic resonator.

22. The method of claim 21, wherein

a change 1n an air pressure on the front surface of the
piezoelectric diaphragm causes the back surface of the
piezoelectric diaphragm to move relative to the planar
surface of the substrate, resulting 1n a corresponding,
change 1n a resonance frequency of the pressure-sen-
sitive acoustic resonator, and

the method further comprises generating, by the pressure-
sensitive acoustic resonator, the response signal by
reflecting at least a portion of the interrogation signal.

23. The method of claim 22, wherein:

transmitting the interrogation signal comprises transmit-
ting a signal having a frequency proximate an equilib-
rium resonance irequency of the pressure-sensitive
acoustic resonator, and

determining an air pressure at the passive sensor com-
prises determining the air pressure based on an ampli-
tude of the response signal.

24. The method of claim 22, wherein:

transmitting the interrogation signal comprises transmit-
ting one of a frequency-swept signal and a broadband
signal, and

determinming an air pressure at the passive sensor com-
prises determining the air pressure based on a Ire-
quency spectrum of the response signal.
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